2,3,4,4-Tetrachloro-l-oxo-l,4-dihydronaphthaline, ß-TKN, crystallizes in the orthorhombic space group D^-Pnma with Z = 4, and the 35 C1 NQR spectrum consists of three lines with an intensity ratio of 2:1:1. The crystal structure of 2,2,3,4-tetrachloro-l-oxo-l,2-dihydronaphthaline, a-TKN, is described in literature as belonging to the polar space group C^-P^ with Z = 2. In contradiction to the reported space group and Z, we observed a three line 35 C1 NQR spectrum with an intensity ratio of 2:1:1. Therefore, the crystal structure of a-TKN was redetermined at 7 = 296 K: space group C^h-P2 1 /m, Z = 2, a = 888.4 (2) pm, b = 692.3 (2) pm, c = 869.6 (2) pm, >3 = 91.483 (5)°. The nuclear quadrupole coupling tensors have been investigated using a 4n Zeeman NQR goniometer and FT NQR for tracing the zero splitting cones.
Introduction
Some derivatives of naphthaline in the crystalline state show photochromy. Crystals of 2,3,4,4-tetrachloro-l-oxo-l,4-dihydronaphthaline, called ß-TKN, and 2,4,4-trichloro-1,4-dihydronaphth [ 1,8-cd] isothiazole-l,l-dioxide, called TCNS, become coloured under the influence of light [1, 2] . An isomeric compound of ß-TKN, the 2,2,3,4-tetrachloro-l-oxo-l,2-dihydronaphthaline, called a-TKN, is, in contrast, not of comparable sensitivity to light. Recently crystal structure studies and 35 C1 nuclear quadrupole resonance (NQR) experiments on polycrystalline ß-TKN, a-TKN, and TCNS have been reported [3] . ß-TKN crystallizes in the orthorhombic space group D^-Pnma with Z = 4 [4] and the 35 C1 NQR spectrum consists of three lines with an intensity ratio of 2:1:1. The crystal structure of a-TKN is described in literature as belonging to the polar space group C2-P2j with Z = 2 [5] . In contradiction, we observed three 35 C1 NQR lines with an intensity ratio of 2:1:1.
In the following we report on single crystal 35 C1 NQR experiments on ß-TKN and a-TKN.
The study of NQR spectra in single crystals with application of an additional magnetic field (Zeeman split NQR) allows the determination of the three principal axes of the nuclear quadrupole coupling tensor, eQ<P n h~l (i = x, y, z), in direction and magnitude with respect to the crystal axes. Thereby the electric field gradient tensor (EFGT), including its deviation from rotation symmetry, is determined. The three principal axes and the asymmetry parameter of the EFGT, rj = 0932-0784 / 90 / 0300-263 S 01.30/0. -Please order a reprint rather than making your own copy. Fig. 1 . Coordinate systems used throughout the paper, x', y', z! is the laboratory system which coincides with the axes of the three mutually perpendicular Helmholtz coils of the 4 n Zeeman goniometer, a, b, c is the crystal system, X, 7, Z is the orthogonal axes system, which is chosen in such a way that b || Y, c || Z, from which choice < (X, a) = ß-90° follows.
\<P xx -<P yy \/\<P zz \, which describes the deviation of the EFGT from rotational symmetry, can be compared with bond directions and with the charge distribution at the site of the nucleus considered.
By the application of a magnetic field which may be oriented at any angle with respect to the crystal axes (4 n Zeeman goniometer), high accuracy in the determination of the direction cosines of the EFGT can be attained [6] , This allows a quantitative comparison of the bond directions, bond angles and electron density distribution found from X-ray and/or neutron diffraction with the EFGT.
Experimental
Large single crystals of ß-TKN were obtained by cooling a saturated solution of the compound in benzene from 310 K down to room temperature [7] , Crystals of a-TKN were grown from a saturated solution in benzene, too.
The 35 C1 NQR spectra were studied on single crystals with the 4 n Zeeman goniometer [6] at 297 K for ß-TKN and at 290 K for a-TKN. A Fourier transform (FT) NQR spectrometer was used, and the zero splitting cone method [8] was applied.
An orthorhombic ß-TKN crystal was adjusted optically on a goniometer head in such a way that the A-axis of the crystal was parallel to the z'-axis of the Zeeman goniometer. The orientation of the crystal (a, />, c) with respect to the Zeeman coil system (laboratory coordinate system x', y', z') and the orthogonal axes system (X, Y, Z) is shown in Figure 1 . The monoclinic a-TKN crystal used for the Zeeman spectroscopy was orientated in such a way that the normal of the (001) plane was parallel to the z'-axis of the Zeeman goniometer.
The half-width of the 35 C1 NQR lines of polycrystalline a-TKN was measured as a function of temperature by use of FT NQR.
The structure of a-TKN was redetermined by X-ray single crystal technique (Mo Ka-radiation) at room temperature. In Table 1 (3) 0.5672 (1) 0.2500(0) 0.2326 (1) 630 (6) 1038 (7) 648 ( (1) 464 (4) 824 (6) 551 (5) 
Results

Crystal Structure of 2,2,3,4-Tetrachloro-1-oxo-1,2-dihydronaphthaline (cc-TKN)
The systematic absence of certain reflexions in the X-ray diffraction pattern is consistent with two space groups, either C^h-P2 1 /m or C^-I^.
35 C1 NQR shows three lines with an intensity ratio of 2:1:1. Therefrom one concludes that there are three positions occupied by the chlorine atoms, one by two CI atoms and two each by a single atom. From the metric of the unit cell and the mass density, Z = 2 follows. Then the 35 C1 NQR is compatible with the centrosymmetric space group C\ h -¥2 x /m (for the discussion about the two space groups see [3, 5] ). By using the SHELX-86 program, the crystal structure was solved in approximation. Thereform the positional parameters of the CI, C, and O atoms followed. The refinement of the atomic positions was done with SHELX-76. Difference Fourier maps were calculated and anisotropic temperature factors were refined for all atoms except the hydrogen atoms. The hydrogen positional parameters could be taken from the difference Fourier maps, and thermal parameters of H were refined isotropically.
The data of the unit cell of a-TKN are given in Table 1 . Positional and thermal parameters of the atoms in the unit cell of a-TKN are summarized in i(7)
106.1(36)
, (6) Fig. 2 and the intramolecular angles in Figure 3 . Table 3 lists the intermolecular contacts in the lattice of a-TKN.
Single Crystal 35 CI NQR on 2,3,4,4-Tetrachloro-1-oxo-l,4-dihydronaphthaline (ß-TKN)
In Fig. 4 , we first show the numbering of the atoms in ß-TKN. (4) .
The zero splitting cones of ß-TKN are drawn in ). The angles 9 and q> describe the azimuthal and equatorial angles and correspond to the cartesian system built up by the three Helmholtz coil pairs of the An goniometer (x', /, z'); <p is the angle in the (x', y')-plane.
The transformation of the EFGT's into the coordinate system a, A, c (crystal system = orthogonal axes system X, T,Z; see Fig. 1 ) has been carried out using the symmetry elements of the unit cell (three mirror -PHI/deg Fig. 6 . Zero splitting cones of the 35 C1 NQR Zeeman spectrum in 2,3,4,4-tetrachloro-l-oxo-1,4-dihydronaphthaline (ß-TKN) for Cl (2) and Cl ,3) at 297 K. A, O: Cl (2) , O, O: Cl (3) .
planes) which are also obeyed by the EFGT's. Four cones are seen for Cl (4) (Fig. 5 ) and two cones for each of the sp 2 carbon bound chlorine atoms, Cl <2) and Cl (3) (Figure 6 ). Owning to the 4 7t geometry of the Zeeman goniometer the symmetry-related cone, created by the operation T, is determined for each cone, too. These cones also occur in NQR spectroscopy in the absence of a centre of symmetry, introduced through the property of the EFGT to be a second rank tensor.
From the zero splitting cones the principal axes of the EFGT, their direction cosines and the asymmetry parameters q are calculated. With the values of t] and the resonance frequencies in zero magnetic field, the nuclear quadrupole coupling constants (NQCC's) e 2 Qqh~1 ( 35 C1) are found from the relation for 7 = 3/2
The results are given in Table 4 . The set of the direction cosines (/", p, v) in Table 5 is given with respect to the crystal system (the symmetry-related cones and C-Cl bond directions created by T are not listed). The corresponding bond directions C 0) -C1 0) are included. (2) at 290 K. Symbols A, O: two symmetry correlated cones for Cl (2) .
-PHI/deg Table 7 . Direction cosines of the principal axes (i = x, y, z and j = number of the chlorine atom = 2, 3, 4) and the bond directions C 0) -Cl ü) (j = 2, 3, 4), resp. C-O, with respect to the orthogonal axes system (X, Y, Z.) in 2,2,3,4-tetrachloro-l-oxo-l,2-dihydronaphthaline (a-TKN) at 290 K. tory system with respect to the crystal system and the orthogonal axes system is chosen in such a way that b\\Y,c\\Z and * (X, a) = ß-90° (see Figure 1) . Table 6 shows the 35 C1 NQR frequencies, the NQCC's, and the rj values of a-TKN at 290 K.
The direction cosines of the EFGT principal axes and of the corresponding bond C 0) -C1 0) are given with respect to the orthogonal system X, Y, Z (see Fig. 1 ) in Table 7 . Figure 7 shows the zero splitting cones of the 35 C1 NQR Zeeman spectrum for the higher-frequency line v i = v( 35 Cl <2) ), and in Fig. 8 <4) ) (in projection with respect to the laboratory system x', y', z'). They are related pairwise by the axis 2 1 of the space group Cf h -P2 1 /m and by the centre of symmetry. The mirror plane m is perceived, too.
Single Crystal 35 C/ NQR on 2,2,3,4-Tetrachloro-1-oxo-l,2-dihydronaphthaline (a-TKN)
The laboratory system is transformed into an orthogonal coordinate system be using the symmetry elements of the crystal. The orientation of the labora-
Discussion
CI NQR on 2,3,4,4-Tetrachloro-l-oxo-1,4-dihydronaphthaline (ß-TKN)
As known from the study of 35 C1 EFGT's of chlorine atoms bound to carbon atoms in CC1 3 groups and aromatic systems, the direction of the main principal EFGT axis is dominated by the bond direction C 0) -C1 0) . Often one finds a slight deviation between the C-Cl bond direction found from X-ray diffraction and the direction of the corresponding <P Z2 . A small difference between the angle £ (C 0) -C1 0) , C (k) -Cl <k) ) observed by X-ray diffraction and the angle £ (<*£>, <P 2 k J) observed by single crystal NQR is seen, too. Table 8 . Angles between the principal axes of the EFGT's and the structure elements (bonds, normal of the ring plane = n = b) in 2,3,4,4-tetrachloro-l-oxo-l,4-dihydronaphthaline OS-TKN). 
, <P
57.59
55.32
In the discussion and in the figures we handle the principal axes <P ti (i = x, y, z) as if they were vectors even though they have second rank tensor properties. This is done to avoid the + signs and to correlate them directly to the direction cosines given in Tables 5  and 7 , where the signs are chosen in such a way that <P, Z || C-Cl. Table 8 lists the angles between the directions C 0) -Cl 0) and the respective EFGT axes 4> i ( (i = x, y, z) . The numbering of the atoms in ß-TKN was given in Figure 4 .
In Fig. 9 ß-TKN is viewed along the bond Cl (3) -C <3) , that is along -0 r (3) (only the ring C (i) , i= 1, 2, 3, 4, 9, 10, is given). From the crystal symmetry (space group) and the atomic positions, planarity of the naphthalene ring system follows. In the projection shown, C <3) and C (9) are positioned behind Cl <3) , C
behind C <2) and C <10) behind C (4) . From Table 8 it is seen that <P^j z is parallel to the C 0) -C1 0) in good approximation. The deviations are in the range 0.8 1.6. Considering the principal axes {i = x, y, z) for Cl <2) and Cl (3) we find that <t> zz and <P yy are located in the plane of the naphthalene ring (within ^0.2°) and <P XX is perpendicular to the ring plane (within fS0.15°). The deviations are in the range of the accuracy of the measurements. For Cl (4) the angles between the <P ZZ and the normal of the naphthalene ring ( = A) are 36.4° respectively 143.6°. The respective bond angles (normal n of the plane, C (4)_ C1 (4 )) and (normal " of the plane? c <4) -Cl (4 ) ) are 36.22° and 143.77°, respectively.
These results of the single crystal 35 C1 NQR on ß-TKN are consistent with the mirror plane of the space group D^-Pnma.
The //-values of Cl (2) and Cl (3) (see Table 5 ) are in the range usually found for chlorine atoms bound to sp 2 carbon atoms [9] [10] [11] [12] (0.117^/^0.216). The //-value of Cl (4) , bound to a sp 3 carbon atom, is 0.0695 (other CC1 2 groups [9] [10] [11] [12] : 0.008^/^0.056). Table 9 shows the angles between the bond directions C 0) -C1 0) and the corresponding EFGT axes <P U (i = x, y, z).
CI NQR and Crystal Structure of 2,2,3,4-Tetrachloro-l-oxo-1,2-dihydronaphthaline (ct-TKN)
In Fig. 10 , a-TKN is projected along the bond Cl (3) -C (3) , that is along the -$. (3) axis (only the ring C m , i = l, 2, 3, 4, 9. 10, is shown). Äs in Fig. 9 , C <3) and C ,9) are located behind Cl (3) and C (1) behind C (2) . Again, the EFGT principal axes (<£, z ) are within fg0.4° parallel to the respective C-Cl bond. The <Z> zz and <P yy of the chlorines, Cl (3) and Cl The t]-values of Cl <3) and Cl (4) (see Table 6 ) are in the range usually found for chlorine atoms bound to sp 2 carbon atoms, respectively r] (Cl (2) ) is comparable to the values of CI atoms bound to sp 3 C atoms [9] [10] [11] [12] , The 35 C1 NQR frequencies of the polycrystalline a-TKN were measured in 77 K-362 K and the linewidths of v, (/=l,2,3) were determined: AV 1/2 (v 1^C l (2) ) = 6.2 ... 7.9 kHz, Jv 1/2 (V 2~C 1 (3) ) = 3.5...4.4 kHz and zlv 1/2 (V 3~C 1 (4) ) = 4.6 ... 6.6 kHz. There is no sign that the higher-frequency line V j = v( 35 Cl <2) ) has a doublet structure.
The crystal structure of a-TKN is reported in [5] . The authors described the structure within the polar space group C 2 -P2 1 , with Z = 2. The least squares refinement leads to a reliability factor R = 3.9% Fig. 11 . Projection of the crystal structure of 2,2,3,4-tetrachloro-l-oxo-l,2-dihydronaphthaline (a-TKN) along the b-axis onto the plane (ac). A few atoms of the molecule for which the coordinates are given in Table 2 are named (the molecule is marked by *).
(R w = 5.3%) for the arrangement in P2j. This and the nonlinear optical effect of the second harmonic generation (SHG) of laser light with an efficiency factor of 5 higher than in a-quartz observed by Zweegers et al. [5] were the reasons that the space groaup C 2h -P2 x /m has been rejected by the authors.
We have repeated the crystal structure determination and found R = 4.1% (R w = 5.1%) in P2 1 /m and R = 3.95% (R w = 4.79%) in P2 X . The intramolecular geometry (bond distancies and bond angles, respectively) we determined (space group P2j/m) is shown in Figs. 2 and 3 . There are several intermolecular contacts observed within the van der Waals distances (see Table 3 ). Table 9 . Angles between the principal axes of the EFGT's and the structure elements (bonds, normal of the ring plane = n = b) in 2,2,3,4-tetrachloro-l-oxo-l ,2-dihydronaphthaline (a-TKN). 
61.67° * (<*>. 3 Z, <*>. 4 Z) 61.62°
*(c Based on the results of the 35 C1 NQR experiments we favour the centrosymmetric space group P2 1 /m.
The mirror plane in the crystal symmetry is proved within the accuracy of the Zeeman NQR spectroscopy by the orientations found for <P\j- 2 ) . Also the fact that the linewidths Av 1 (2) and Cl (2) .
It cannot be excluded that the intensive laser light together with a weak photochromy of a-TKN may introduce local polarity leading to the nonlinear optical effect observed by Zweegers et al. [5] ,
The question whether a centre of symmetry is present or absent, is in many cases not a simple one. From X-ray diffraction it is hard to decide, praticularly if the deviation from a centrosymmetric arrangement in the unit cell is very small. This is the case for a-TKN as one finds in looking on the positional parameters of the crystal structure description in CI-P2! [5] . For instance, the y positional parameters y of C (1) • • • C (10) , 0 (1) , Cl (3) , C (4) are 0.781 ± 0.005 for P2, the standard deviation is given to 0.002) [5] and 0.7500(0) for P2 1 /m. The decision by the minimum of the reliability factor R may be misleading; the introduction of new degrees of freedom by cancelling the element I easily lowers R. The contradiction: centre of symmetry in a-TKN or not, is given by the oppposite answer of 35 C1 single crystal NQR and the nonlinear optical effects. An experiment in which the strength of the £-field of the light is varied and thereby the nonlinearity of the crystal is measured, may give an answer about an induced local acentricity in photochromic crystals.
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